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STABILIZATION OF A PLASMA BY HIGH-FREQUENCY

ELECTROMAGNETIC FPIELDS

R. A. Demirkhanov

ABSTRACT

A survey is given of studies of the possibility of suppressing hydro-
dynamic and kinetic instabilities in a magnetized plasma by means of high-

frequency electromagnetic fields.

Results are given for experiments carried out at the Sukhumi Physico-
Technical Institute in which the possibilities of suppressing a flute hy-
drodynamic instability, and a drift-type microinstability by high-frequency

fields were studied.

The problems of the interaction of large-amplitude high-frequency
fields in the region of the skin layer are discussed. Results of a study
of the plasma-column equilibrium in a torus in the presence of helical
high-frequency electromagnetic fields of the quadrupole type are also given.

I. THEORETICAL DISCUSSION
A. Introduction

Interest in the study of the interaction of
high frequency (H. F.) electromagnetic fields with
a magnetized plasma i8 related to the search for a
possible means of suppressing the hydrodynamic and
kinetic instabilities in thermonuclear devices.

The problems of high-frequency stabilization
of hydrodynamic instabilities were discussed in the
review of anvetl.1
possibility of stabilizing drift and flute insta-

Here, we will consider the

bilities, and the use of high-frequency fields to
create equilibrium toroidal configurations of a
plasma.

A detailed study of the vibration spectra of
a homogeneous plasma in a high-frequency electro-
magnetic field was first made by Aliev,2 Silin,3
and Gorbunov.a

Questions on the behavior of a nonhomogeneous
magnetized plasma in a high-frequency electromag-
netic field, and the suppression of drift insta-
bilities, were considered in work by Mikhailovskii

and Sidorov;5 Fainberg and Shapiro;6 Demirkhanov,
Gutkin, and Lozov-kii;7 and Ivanov, Rudakov, and
Teikhmann.8

B. Stabilization els

The stabilizing mechanisms studied up till now
(stabilization is generally understood as reduction
of the instability region and decrease in the in-
crements) were obtained from studying the following
models.

(1) Models which consider nonhomogeneous high-
frequency fields, and the averaged forces acting on
the particles from the H. F. field.7

(2) Models which consider only the stabiliz-
ing effect of a longitudinal high-frequency homo-
geneous electrical field.6

(3) Models which consider only the magnetic
component of an H. F. field, penetrating into a
magnetized plasma, and the stabilizing effect of
the variation with time of the force line near the
average location.8

In the first two models, stabilization appears
with weak high-frequency fields when the long wave



disturbances of the plasma equilibrium (usually as-
sumed to be derivable from a potential) are large
compared to the oscillations of the charged parti-
cles and the Debye radius. In this case, the effect
of the H. F. field on the plasma particles can be
described by the averaged forces (H. F. potential).
It is assumed that the frequency of the external
H. F. field exceeds the frequency of the disturb-
ances considered. This condition is apparently nec-
essary for all the mechanisms of dynamic stabiliza-
tion. The indicated forces can also be interpreted
as some effective 'gravity field," E. However,
there are two possibilities; (1) when the averaged
forces differ from zero even in the undisturbed
state (uniform H. F. electrical field) and, (2)
when the averaged forces appear only in the pres-
ence of disturbances as a result of inhomogeneity
of the perturbed H. F. field (external homogeneous
electrical field). These two possibilities also
correspond to the first two mentioned mechanisms of
stabilization which we will call, respectively, g-
stabilization (with forces in the unperturbed state)
and 8g-stabilization.
c. g-Stabilization

Let us consider g-stabilization in more detail.
If a collisionless plasma is in a strong constant
magnetic field, Ho’ and in the field of an E-wave
with components %; and ﬂ;, where the z-axis is di-
rected along Ho and the x-axis in the direction of
nonhomogeneity of the plasma, then in the unper-
turbed state there acts on the plasma particles
from the H. F. field the averaged force, F =

o
- mVQa , where

2

e
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is the high-frequency potential for particles of
type o lo = e,i‘, for electrons and ions, respec-
tively. The angular brackets designate averaging
over the period of the H. F. field. As a result of
the action of this averaged force on the particles,
a paramagnetic drift of the electrons arises, the

rate of which is determined by the expression
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The possibility of stabilization of the drift
instability in field showing such a skin effect can
be explained by the fact that, owing to the para-
magnetic drift of electrons (directed to the oppo-
site side of the space of the drift-wave propaga-
tion by Doppler shift), the effective frequency of
the wave increases, leading to an increase in
Landau damping. With an increase in the increment
of drift-wave frequency, the stabilizing term is

increased.

In the approximation of geometric optics, when

k Vg
Ve > Vy > Yoy and w << Wpy s —i—;—- <Al

i.e., when the lateral length of the perturbation
wave is great compared to the Larmor radius of the
ions, the frequencies and increments, respeétively,

are equal to:
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E = - V¢ {8 the effective acceleration caused by the
H. F. pressure. F is determined by the ratio of the
H. F. pressure to the plasma pressure and is some
function which is dependent on the wave-vector com-
ponents of the perturbation, the external field
frequency, and the characteristic plasma frequencies.
At sufficiently low frequencies, F is negative, and,

(approximately, is) equal to

" 16mT °



From the expression given for the increment,
it is evident that the plasma is stable when
T\e>-2(F+§).

F is negative and leads to destabilization,
while § is always positive and promotes stabiliza-
tion of the plasma.

With total H. E, confinement, B w1 for long

waves, i.e., when

k v
AT e,
01

the plasma is stable for ne Biie % , and in the ab-
sence of an H, F. field the plasma is stable for
(1)

For short waves, i.e., when

k v
-4

a region of stability occurs when - % < “e < 2
while in the absence of an H. F. field there is no
region of stability.

The possibility of stabilizing drift instabili-
ties by uniform high-frequency electrical fields
can be explained as follows. In a high-frequency
field of high intensity, the vibrations of the
electrons in the wave field become important. Then,
with excitation of the plasma electrons in the drift
waves, the additional force of the pressure in the
high-frequency electrical field, Eo(t) + El(t),
equal to

czz(n) -1

MOty G
4n dz 9

acts in the direction of the magnetic field. (czz
is the logitudinal component of the tensor of the
dielectric constants, El is the high-frequency part
of the field of the vibrations, and the brackets
indicate averaging over the period of high-fre-
quency vibrations.)

When this force is in phase with the force
caused by gas kinetic pressure, the field intensity

in the drift wave <E> and its frequency, w, increase.

(1) Translator's note:
paper.

Term omitted in original

With increased w in the increment of growth of the
drift vibrations (collisionless drift instability)

for
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increases (Landau damping), and instability can
develop only with sufficiently large gradients.

The physical picture of the stabilizing effect
for both mechanisms consists of causing increased
vibration frequency upon application of an H. F.
field, which increases the Landau damping of elec-
trons. It is assumed that the phase velocity of
the perturbation wave, %— , 18 less thsn the thermal
velocity of the electron:.

In the case of g-stabilization, the increase
in frequency can be related to the Doppler shift of
the frequency due to the drift of plasma particles
under the action of the field, E (with a velocity

g/wH).

ions drift with different velocities (in the expres-

It is important that the electrons and the

sion for the increments, only the velocity differ-
ences enter). In addition, g-stabilization is ef-
fective only when both kinds of charged particles
participate in the development of the considered
instability. Therefore, g-stabilization does not
affect the drift-thermal instability which is purely
ionic.

Study of g-stabilization with the averaged
forces different from zero, when both the perturbed
and unperturbed conditions are taken into sccount,
leads to the conclusion that it is possible to sup-
press the universal drift instability of long per-
turbation waves, both larger and smaller than the
ion Larmor radius.

Tables 1 and 2 give the characteristics of the
drift instability of a collisionless plasma in the
high-frequency field of an E-wave.

D, 8g-Stabilization
While the mechanism of g-stabilization acts at

all H, F,-field frequencies that exceed the fre-




TABLE I

DRIFT INSTABILITY OF COLLISIONLESS PLASMA IN THE
HIGH-FREQUENCY FIELD OF AN E-WAVE

Characteristics of Instability

Type of
Instability Without H. F. With H. F. Reference
2 2
L *
Jrw ﬂe Jrw “e (4]
Universal Y = — Y - - (F+E&+3 40
instability lkz|vTe . ky ! Vee A (7]
k 32 ~2
o e YR
"~
sze " 68 1émnT
Model taking k <>
into account T = dfnl_ 0 -
e dinn o Wy
<g > ®
e 2
* ae
wew F e~ 22c:;)(ﬁ)~---
)
when k p, >> 1 o
g &
plasma is stable Kk eE

n >0
e

kp, <<1
Li

no region of
stability
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N, > 2F+8)

1fg-1,kpi<<1
4
stable for

)=
ﬂe 4 0> ncrit

ﬂe >-2.50< ncrit

k
i

stability
2
°s < ne s

>> 1 region of

for 1 > ncrit

0 < ne <2

quency of the perturbations, 8g-stabilization oc-
curs, in practice, only for fairly high frequencies
(those that exceed the characteristic frequencies
of the natural potential plasma oscillations). For
low frequencies, ’

k

z
<X T

pe

the corresponding mechanism leads, as a rule, to
destabilization of the plasma.
A significant increase in the stabilizing

effect can be expected at frequencies close to the
resonance between the external H. P. field and the
natural logitudinal potential oscillations of the
plasma from one side of the resonance. At the same
time, none of the indicated mechanisms leads to
suppression of the low-frequency instability which
occurs when the phase velocity of the perturbation
is less than the thermal velocity of the ions.

For total suppression of the drift instability in

the region of possible stabilization H. F.-field



TABLE II
DRIFT INSTABILITY OF COLLISIONLESS PLASMA IN THE
HIGH-FREQUENCY FIELD OF AN E-WAVE

Characteristics of Instability

Type of Instability Without H. F. | With H. F. Reference
Model taking into k Py << 1
account longitudinal i
electrical high-
frequency field 2 1/2
a>[( = 4 2] -n [6)
wpe x/ mpi crit
region of stability
m >0 n>-2
e
<
Sl crit
region of stability
ne >0 ne > 2
klpl >> 1 klpi >> 1
no region of no region of stability (6]

instability

amplitudes are needed such that the H, F. pressure
i8 not less than 6'/LL of the gas kinetic pressure,
where 6‘ is the depth of the skin, and LL is the
characteristic distance of the inhomogeneities.

Taking into account that under real conditions
6‘ and L‘L can be close in magnitude, the H, F.
pressure must approach the gas kinetic pressure
(correspondingly, the electron oscillatory veloci-
ty is comparable to the thermal velocity).
E. Dynamic Shear Stabilization

The third possible mechanism for suppression
of instabilities (the so-called dynamic shear) uses
the effect of the fluctuation with time and space
of the force line of the magnetic component of an
H., F. field penetrating into a magnetized plasma.
In this, it is assumed that the variable magnetic-
field amplitude, ﬁ, is small compared to the con-

stant magnetic-field amplitude, Ho'

) SRR

16mnT .

The frequency of the field fluctuations is greater

than the characteristic increments, but small com-

pared to Cpy
The expectation of stabilization in such a

model is related to the fact that during the turning

of the force line relative to the perturbation, the
particles moving along the magnetic field with
thermal velocities manage to pass through several
spatial periods of the perturbation.

To suppress the more dangerous drift-thermal

1nltnbilitieae

filled:

1/2
. SO T Ty
H °. kv, L
o lTi e b

(standard nomenclature). 1In this case, conditions
opposite to those indicated in the analysis of g-

and 8g-stabilizations must be fulfilled. The per-
turbation wavelength must be large compared to the
distance that particles can pass both along and

across the force line of the magnetic field during

the following conditions must be ful-



the period of the H. F. field.

In contrast, the reason for the development of
a stabilizing effect in the case of drift-thermal
instability is the decrease in frequency and in-
crement of the fluctuations as a result of averaging
the electrical field action of the particle pertur-
bation during their oacillatbry movement. This
effect 18 analogous to that of dispersion in a
strong constant magnetic field.

Essentially, with increasing variable magnetic-
field amplitude, ﬂ' the phase velocity of the per-
turbation decreases and Landau damping of the ions
becomes important. In other words, averaging of
the electrical fields of the perturbation in the
process of oscillatory movement of the particles
across the magnetic field decreases the particle
drift velocity in the perturbed electrical field
and, consequently, the frequency and increment of
the drift fluctuations.

To strengthen the effect of suppressing the
instability, an H. F. field representing a super-
position of fields with different frequencies can
be used.

In the presence of n frequencies of differing
magnitude greater than the frequency of the sup-
pressed instability, the increment of the drift-
thermal instability is decreased by A" times
(A<1).

As studies ahow,8 it is possible to partially
or completely stabilize a large class of plasma
instabilities in a magnetic field by dynamic shear,
which are dangerous to, magnetic confinement of the
plasma.

From a general consideration of the dynamic-
shear model, it follows that a number of field con-
figurations cannot show a stabilizing effect on a
plasma. This refers to Alfven waves in a plasma.
The displacement of such waves in the field is the
same for all particles. On the strength of the
"frozen-in" state of the magnetic field in the
plasma, the perturbations will travel with the mag-
netic force line. Just as with the effect on the
instability, the force line of the magnetic field
must be turned relative to the perturbation of the
ion density.

Fields of currents flowing in a plasma or in
the outer circuit of the conductors can be more

suitable for plasma stabilization. However, in

this case, the variable electromagnetic field pene-
trates into the plasma to the depth of the skin
layer, and since one can hardly expect that L;

will differ from 6., large, high-frequency, magnetic-
field amplitudes are required for stabilization.

Note that most of the results given above re-
fer to a high-frequency field realized in the form
of an E-wave with an electrical vector parallel to
a constant magnetic field (axis of the plasma
column).

In considering other electromagnetic-field
configurations for suppression of microinstabilities,
it will be possible to determine the limits of the
stabilizing possibilities of low-frequency fields.
F. MHD Instabilities

Problems of suppressing hydrodynamic insta-
bilities (flute, hydrodynamic drift, and other
types) were considered by Volkov, Kadomtsev, and
Glagolev9 for the case of UHF electromagnegic waves,
and by Sidorov10 for the high-frequency megahertz
region.

The flute modes that develop in a bounded
plasma in a nonuniform magnetic field are impossible
if an additional high-frequency field is applied on

the plasma and the condition

nT ~ R“6ex2
Prom 8

is fulfilled, where Ry is the longitudinal dimen-
sion of the device and 5exp is the experimental

skin layer.

H 18 the H. F. amplitude at the plasma boundary.

As a result of adding the longitudinal con-
stant magnetic field and the variable field, ﬂ;,
the magnetic force line of the total field is a
helical line whose configuration changes with time.
Under the effect of the electromagnetic field, the
charged particles move along the magnetic force
lines. Since the rate of movement of a particle

and the direction of fhe helix change cophasally,
the particle is displaced in the ¢-direction.



Since the electrons and iona move in opposite di-
rections, such a movement of the charged particles
leads to the appearance of a paramagﬁetic current.

The stabilizing effect of the high-frequency
field consists in that the paramagnetic electron
currents arising under the action of the H. F. pres-
sure compensate the polarization currents caused by
ionic gravitational drift.

The hydrodynamic drift instability of a col-
l1isionless plasma, characteristic of sufficiently

long devices

i mi
CEIEANE
e

is also stabilized by the high-frequency preaaure.m

For w >~kz v the effect of stabilization is anal-

ogous to th:eeffect of a magnetic field with a neg-
ative curvature, and, as studies show, suppression
of this instability, developing from transverse
inertia of the ions, occurs at relatively small

H. F.-field amplitudes, namely,

R S
>
8mnT 2-2.2 ¢
k*pibo
Here,
-1 _ dfap L
R d 0 p, = B )
L dx 2 i = w2
1 Hi

Experimentally, the external field often has

the form of a traveling (or rotating) wave,

-10t + 110 y
'Ez - ‘Ezo (x)e y s

Then, in the presence of collisions, the traveling
The high-

frequency forces acting on a unit mass of electron

(rotating) field entrains the plasma.

gas have the form:
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From these expressions it follows that:

(1) The entraining force <gy> vanishes if
L 0 or k§°)- 0 (standing wave).

(2) 1In the process of entrainment there must
be a rearrangement of the electron-density profile.

(3) For Ve 0 <BLZ s the force changes to

the known high-frequency force

2
3

& 2
() =g =

The stability of such a collisional plasma was
studied by Mikhailovskii and Sidorov.5 They showed
that the potential oscillations with a wavelength
less than the collisional skin layer (which in order
of magnitude coincides with the characteristic in-
homogeneity dimension) were unstable, with an incre-
ment lying between the H. F.-field frequency and the
inverse time of entrainment of the ions.

Here one should distinguish a "weak'" H. F.
field when
" Ve

<< [ ==

Ho ¥ e

(for this the increment of instability is
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and a "strong" H. F. field when the condition

o /:e_
Ho e
In this case, the complex frequency

is fulfilled.
1aw-w*(1+1$—:k‘ip§) .

This instability can be explained as follows:
Calculations show that H., F.-pressure perturbation
i8 equivalent to some effective tensor friction
force. But it is well known that taking the fric-
tion into account both in a weakly ionized plasma
(collisions of electrons and ions with neutral con-
ductors) and in a completely ionized plasma (elec-
tron-ion collisions) leads to the development of a
drift-dissipative instability. The increment of in-
stability from the 'tensor friction force" for small

H. F.-field amplitudes

(E-= [,

as follows from the equations given above, increases
linearly with ﬂ; however, with increasing H. F.-
field amplitude

(k-

H, e '

it falls quadratically with H. It can be expected
that for § = 1 this type of instability will not be
dangerous.

One of the peculiarities of the interaction of
an H. F. field with a plasma is that wusually it
acts only on electrons. The force acting on ions
is small, as the ratio of the masses, me/mi' As a
result of this effect, quasistatic electrical fields
can arise in the plasma and lead to rotation. Study
of the effect of rotation on the convective insta-
bilitiesll shows that the oscillation frequency 1is
essentially determined by the two first derivatives
of the quasistatic electrical field. In particular,

10

with fulfillment of the condition

[ ]
, dzn(novo)

v —=20_ <9,
o dln(noTo)

rotation of the plasma has a stabilizing effect on
the convective instabilities. 1t is clear that in
practical situations fulfillment of this condition
depends on the nature of the penetration of the
H. F. field and on the profile of the plasma densi-
ty. Analogous results were reported in Refs. 12

and 13.

Characteristic frequencies and growth rstes
and stabilization conditions for various instabili-
ties discussed in the last two sections are given
in Tables 3 and 4.

G. High-Frequency Equilibria

High-frequency electromagnetic fields can be
used for equilibrium confinement of a plasma column
in a toroidal constant magnetic field. 1n combined
systems (confinement within a small radius), the gas
kinetic pressure of the plasma is counterbalanced
by the pressure of the constant magnetic field. The
high-frequency electromagnetic field serves to com-
pensate the toroidal drift, and its pressure can be
small compared to that of the plaama.14'15

Owing to toroidal drift, in a constant magnetic
field, a plasma column is displaced toward the ex-
ternal wall of the chamber. With the application
of a multipole H. F. field, the field intensity in-
creases toward the walls of the discharge chamber,
and a difference in the H. F.-field pressures on the
outer and inner sides of the plasma column occurs.

For a definite value of plasma-column displace-
ment, this difference in pressures can counterbal-
ance the force caused by the toroidal inhomogeneity
of the constant field.

In contrast to a system with helical magnetic
fields, in which the toroidal-drift compensation is
realized owing to a rotational transformation, and
the degree of compensation is determined by the in-
teg}al behavior of the magnetic force line during
use of an H. F. field; a local compensation of the
toroidal drift occurs as a result of redistribution

of the pressure in the transverse cross section of

the displaced plasma column. Therefore, the ac-



TABLE III

STABILIZATION CONDITIONS WITH DYNAMIC SHEAR

Model and Type of Instability Condition of Stabilization Reference
Model taking into account
fluctuations of the magnetic 8H = 8H sin( tfy, OE = 8E cos tfg (8]
component of the field
Drift-thermal instability Condition of stabilization
Hon o (5t )
Ti
*
u)Hi >O>w
Conical instability Condition of stabilization (8]
8H v
Wee g — 5 Ii
kv Ti H Vre
TABLE IV

CHARACTERISTIC AND STABILIZATION CONDITIONS FOR FLUTE
AND DRIFT-CONVECTIVE INSTABILITIES

Type of Instability| Characteristic Frequencies and Increments |Condition of Stabilization | Reference
Tyt
17 * (novo) &Ry
Flute instability W, =7 | wpe = ;21 T_‘\ 1<«< F< :2—
kz =0 s
(11]
2
k (n v ') k
* = =
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Drift-convective Without H. F.
instability
Y~w~u) ~k_z f 1 << &% 1 a8 [10]
o, 22 2
kP’ 8
yi's
* ~2
Instability with w =+ (1+1) k—l u”; ®he << Ve
"tensor friction ypi
force"
(5]
2 2
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curacy requirements for technical realization of the
combined systems can be significantly lowered.
H. Equilibrium Configurations

Equilibrium of the plasma column can be sccom-
plished by H. P. fields of different configurationms.

For rotating H. F. fields excited by currents

(i.e., fields proportional to ei(-ﬂt+nw))'

the mag-
nitude of the plasma-column displacement is deter-

mined by the expression:

2(n-1) Tk

16mp r T J__,(x)

L —— (o 1 | B X N-& g
I’A = " (rk) = 3 n>1'

-1y ¢4 42 r
P R(-1)(I) P 3. (Ef)

where Jn is the Bessel function, r_ is the plasma-

column radius, r is the circuit radius, R is the

k
large radius of the torus, Py is the kinetic pres-
sure of the plasma, Jo is the current amplitude in

the circuit, and

Oon
]
eln

P

is the depth of the skin layer.

The magnitude of the plasma-column equilibrium
displacement is inversely proportional to the H. F.-
field pressure and does not depend on the intensity
of the constant field. Thus, as has been noted,
equilibrium can be accomplished for an H. F.-field
pressure that is small compared to the kinetic
pressure of the plasma. The amount of plasma-colum
displacement depends on the type of H., F. field used
and i8 minimal for a quadrupole (n = 2), For a ro-
tating homogeneous (n = 1) field, the equilibrium
confinement of a plasma column is inefficient in
practice.

For helical H. F. fields, i.e., fields propor-

1(-Ot-+no+kyZ)

tional to e , excited by helical cur-

rents with a ratio of amplitudes

n
Jzo i k"rk JGD

=0,

the equilibrium conditions differ somewhat from
those in rotating H. F. fields. In this case, the
equilibrium displacement is determined by the ex-

pression:
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l6mp r <r >2(n-1) Bz ~

L T 2 15 « TR 7
rA- 1-2-j;n>1,

P Re-DE )2 T

k
r
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(for 2L« y A = 2n >>r ) , where H is the
rp Ky ] res

magnitude of the constant field corresponding to the
geometric resonance that is specific for helical
fields. The most characteristic feature of this
case is the dependence of the column's equilibrium
displacement on the intensity of the constant mag-
netic field; namely, stable equilibrium of the plas-
ma column in the presence of a helical H. F. field
is possible only for the condition Ho < Hre with

For H >> H , the
o res

equilibrium displacement is negative, i.e., the

other parameters unchanged.

plasma column is displaced toward the inner wall of
the toroidal chamber, but such an equilibrium, ap-
parently, must be unstable with respect to displace-
ment of the column as a whole.

The existence of Hres was first indicated in
a consideration of the theory of helical wave exci-
tation by Lozovuk1116 for the case of a bounded
plasma in a longitudinal magnetic field.

The electromagnetic field in a cylindrical
plasma column, neglecting space dispersion, is a
superposition of waves of two types that differ in
their radial penetration into the plasma for a
given longitudinal wavelength. A wave called the
second type under the condition Ay, kd >> rp pene-
trates completely into the plasma, and does not
differ in configuration from a wave excited under
the same conditions in a vacuum where )| is the
wavelength of current in the excitation circuit,
\d is the Alfven wavelength, and r is the plasma-
column radius. A wave of the first type is strong-
ly damped radially if the constant magnetic field,

Ho, is less than some critical value

Hcrit - [6nnm1fxn

where n is the plasma density, m, is the ion mass,

i
and f is the frequency of the H. F. field. The
phase velocity of the waves in the longitudinal

direction coincides with the Alfven velocity. The



corresponding degree of damping is

is the electron plasma frequency. For Ho >H

crit’
this wave is propagated transversely with a wave

length

2nc 1
‘L-u.) 3

L B
H
crit
Another characteristic property of helical

fields in a plasma is a peculiar geometric resonance

occurring for

H

crit
Ho = Hres = 7§ :

For frequencies corresponding to this condition

(i.e., for

H

f= -—-9-———') , eigen oscillations of the plasma

/Znnmim
column are possible, and resonance phenomena set
in when this frequency coincides with the frequency
of the forced vibrations in the circuit. It is
possible that this resonance can be used for heat-
ing the plasma.
17

The result obtained by Soldatenkov  1in a con-
sideration of the movement of charged particles in

a toroidal constant magnetic field,

-1
H =H (1 + 5) , and in a rotating H. F. mul-
z o R

tipole is of interest.
H. F. dipole,

For example, for a rotating

H =¥ cos wt
x

H =¥ sin wt
y

Ez -'ﬂ%(x cos wt + y sin wt) ,

the particle is moved on a circumference the center
of which is displaced relative to the axis of the

torus by the value

%o N B ~ 2
i Xt ¥, Vip * 2(:"9 + wy )
R RW? ’

where

D= QE s Vi s and vy, are the initial particle
velocities and R is the large radius of the torus.
Also, because of the different displacement value;
Ax, of the ions and electrons, a polarization of
the plasma, directed along the x-axis, is possible
Therefore, displacement of the plasma, as a whole,
is possible as a result of toroidal drift along the
x-axis, and a displacement of the plasma is also
possible along the y-axis owing to drift in the
crossed Ex and H fields.

Taking into account the effect of the elec-
trical field of polarization due to separation of
the charges in the toroidal field does not disrupt
the conditions of finiteness. The particles in
the transverse cross section oscillate with vibra-

tions whose amplitude does not exceed
2w =

Ar oy (:l +22 )=
Y2 wH

In this case, the movement of both ion and electron
particles must be finite. If the vector of the an-
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